1 Abstract 11 Background Molecular clocks have become powerful tools given increasing sequencing and 12 fossil resources. However, outcome of calibration analyses depend on choosing priors. Here we 13 revisit a seminal dating study of the genus Carabus by Andujar et al. proposing that their prior 14 choices need re-evaluation with the hypothesis that reflecting fossil evidence and the 15 Gondwanan split properly rewinds the molecular clock significantly. We used the similar dataset 16 including five mitochondrial and four nuclear DNA fragments with 7888 nt total length. We set 17 the root age based on the fossil evidence of Harpalinae ground beetles in the Upper Cretaceous 18 and introduce the Paleogene divergence of the outgroup taxa Ceroglossus (endemic to South-19 America) and Pamborus + Maoripamborus (Australia, New Zealand) as a new prior based on 20 current paleontological and geological literature. 21 Results The ultrametric time-calibrated tree of the extended nd5 dataset resulted in a median 22 TMRCA Carabus age of 59.72 Ma (HPD95% 49.92-70.38), roughly 35 Ma older than in the 23 Andujar study. The splits between C. rugosus and C. morbillosus (A), between C. riffensis from 24 the European Mesocarabus (B), and between Eurycarabus and Nesaeocarabus (C) were dated 25 to 19.19 (13.16-25.64), 25.95 (18.68-33.97), and 23.99 (17.75-31.67) Ma and were thus 26 decidedly older than previously reported (7.48, 10.93, and 9.51 Ma). Constraining the Carabidae 27 time tree root with the Burmese Oodini amber fossil at ~99 Ma resulted in the largest increase, 28 while including the Canary Hotspot and Gondwana split calibrations stabilized the overall dating, 29 mediating between the root and remaining calibration points. Utilizing our clades A-C results, 30 TMRCA of Carabus was dated to 53.56 (41.25-67.05) Ma in the complete MIT-NUC data set 31 compared to 25.16 (18.41-33.04). 32 Conclusion Taking into account the Gondwanan split as a new prior, together with the fossil 33 evidence of the outgroup taxon Harpalini in the Late Cretaceous, our new approach supports an 34 origin of the genus Carabus in the Paleocene-Early Eocene. Our results are preliminary due to 35
Background 40
The molecular clock has become an increasingly powerful tool in biogeography and 41 phylogenetics due to the ever increasing genomic and fossil calibration data [1] . However, 42 phylogenetic dating is largely performed in Bayesian frameworks where the choice and number 43 of calibration priors has a deciding impact on dating results [1, 2] . Consequently, there is often 44 still huge dating variance among studies even dealing with identical taxa and employing identical 45 calibration points. Important factors for the disagreement are the placement of fossils in a given 46 phylogeny and the handling of geological priors. The first is a matter of taxonomic discussion 47 among species group specialists. Recent methodological improvements for better analyses of 48 hidden characters in fossils like the usage of X-ray micro-computed tomography of amber 49
inclusions to determine internal genital characteristics of tiny beetles [3, 4] may help to resolve 50 ambiguities in the long term. The handling of geological priors on the other hand is a broader 51 discussion where the improvement could and should be somewhat more predictable and 52 transparent across taxonomic groups. However, exactly in this part of the equation one can 53
observe an almost arbitrary choice of geological sources and thus setting of respective molecular 54 clocks [5] . One classical geological event that has broadly left its imprint on biogeographic 55
patterns is the split up and fragmentation of the Gondwanan land masses [6] . Studying the widely 56
reviewed biogeographical literature dealing with the Gondwanan split it becomes evident that 57 two general patterns emerge. Taxa that are good dispersers and occur on a broad range of 58 terrestrial habitats have very diverse phylogeographic histories, often independent of the timing 59 of the Gondwanan fragmentation. On the other hand are taxa with poor dispersal capabilities 60
and often very specific habitat preferences. Their evolutionary histories reflect the trademark 61 vicariance pattern [6] . Examples range from chironomid midges [7] , stoneflies [8], scorpions [9], 62 anurans [10] to plants such as Nothofagus [11] , but see [12] . Only for this second category (poor 63 dispersers), the geological record is a means to calibrate the molecular clock. 64
Here, we want to revisit a seminal study for the calibration of the phylogeny of Carabus ground 65 beetles [13] reflecting both, fossil evidence for the outgroup and recent geological as well as 66 biogeographical consensus on the fragmentation of the Gondwanan land masses. Carabus 67 generally is described as a Holarctic genus that currently counts about 940 described species 68
classified into 91 subgenera [14] . Its diversification is largely bound to the Palaearctic with a 69 distribution throughout Eurasia, Japan, Iceland, the Canary Islands, North Africa and North 70
America [14] [15] [16] [17] [18] . Carabus represents the most species diverse terminal clade of the "supertribe 71
Carabitae" which also includes the Holarctic Cychrini, the Andean Ceroglossini (= Ceroglossus), 72
the Australasian Pamborini (= Pamborus + Maoripamborus), and the cosmopolitan Calosomina 73 (= Calosoma sensu lato). The latter was identified as a sister group of Carabus based on 74 molecular data [13, 19] which is in agreement with the morphological data [15] . 75
Based on an evolutionary model proposed by Terry L. Erwin in 1979 [20] Gondwanan distribution, extracting minimum and maximum calibration ages; ii) the onset of the 121
Canary hotspot, and iii) the uplift of the Atlas mountains. Finally, we will use our findings of the 122
Carabus time tree to discuss the general need of a more differentiated and transparent usage of 123 geological calibration points depending on life history traits and habitat requirements of the taxa 124 under study. phylogenetic tree is shown in Figure 1 Table 3 for details. Red symbols depict cladogenetic events whose 142 age distributions (see Table 4 ) have been utilized in subsequent analyses.
143
The violin plots in Figure 2 illustrate the impact of each calibration point on the timing of important 144 phylogenetic lineages by depicting the age distribution when all points are used (all) and when 145 each respective calibration point is left out of the calculation (-m2 through -root). As expected, 146
constraining the root has the most pronounced impact on the dating overall, decreasing the age 147 for all clades when left out. The inclusion of the the Canary Hotspot (c) as well as the Gondwana 148 split calibration (go) in turn expectedly stabilized the overall dating, mediating between the root 149 and the remaining calibration points. gene trees when clades were supported by PP of more than 0.8, and for the latter likewise for the concatenated data 166 sets and are aquivalent to the dated clades given in Table 4 . Grey bars indicated the 95% HPD for the respective 167 nodes, with the TMRCA bar being superposed for the respective phylogeny. probabilities, respectively. The derived TMRCA varied markedly among genes ranging from 173
168

Time-calibrated gene trees and gene combination trees for the Carabus
35.35 Ma for LSU-A and 90.81 Ma for ITS2. All medians and 95% HPD intervals for the 174 respective genes and gene sets are given in Table 1 . 175 When comparing the impact of the different added calibration points it is evident, that the 203 inclusion of the Harpalinae Oodini fossil from Burmese amber as the root calibration has by far 204 the strongest impact. Necessarily, this is true for the dating of the root itself, given that we 205
implemented this fossil with a hard lower bound. In the extended nd5 calibration analyses this 206 translates to a difference of almost 50 million years for the root when including or leaving this 207 calibration point out (see Figure 2 ). In relation to the younger lineages the root and the other 208 calibration points produce more congruent results ( Figure 4) . The pattern has a similar but 209 weaker trend when comparing the ultrametric time-calibrated trees obtained from the MIT data 210 and the NUC or the combined MIT/NUC data set ( Figure 4 ). This also implies that the dating of 211
the internal clades will likely not be pushed back much further, unless new older fossil evidence 212 will appear. summarized arguments to reject this scenario since it is in strong contrast to the habitat 261 preferences of the species. If active dispersal by flight is taken into account while discussing the 262 dispersal history of the genus, or using vicariance in biogeographic dating, emergence and 263
distribution of humid temperat habitats should be considered a much more important factor than 264 terrestrial pathways. Consequently, with respect to the trans-mediterranean distributional 265 patterns in some of the Carabus lineages, in pre-Pliocene times the distribution of mountainous 266
areas as the provider of humid temperate habitats in the Mediterranean region, such as the Atlas 267
Mts., can be seen as the most important clue for the distribution of potential paleohabitats of the 268 species. 269
Conclusions
270
Our study stresses the general need of a more differentiated and transparent usage of geological 271 calibration points depending on life history traits and habitat requirements of the taxa under study.
272
Geological events need to be strictly interpreted from a biogeographic perspective including 273 taxon specific habitat suitability and taxon specific dispersal barriers. 
Canary Islands prior 316
After decades of debate, the origin of the Canary Islands has been firmly attributed to the Canary 317
Hotspot through the discovery of nannofossils proving an age succession of the islands [37]. 318
Consequently, the colonization of the Canary Islands should not be constrained to the age of 319
Gran Canaria, as a hotspot origin necessarily means that island habitats could have been 320 present since the upstart of the respective hotspot. Previously, the age of the Canary Hotspot 321
has been proposed to be 60 Ma based on Kinematic studies [38] . Consequently, we set the prior 322 on the split between the two Canarian endemics Carabus (Nesaeocarabus) coarctatus and C. 323
abbreviates to 60 Ma using a uniform distribution as no additional information is available that 324 would favour a specific time. 325 326 We omit the four calibration points from Japan following the logic, that neither the final nor the 327 initial disconnection of Japan from the mainland is mandatory for the radiation of the Carabus 328
Japan prior
lineages Damaster, Leptocarabus, and Ohomopterus, and the split between Isiocarabus and 329
Ohomopterus, respectively, but the availability of their habitat. The Asian Far East with the dense 330 ensemble of the complex folding systems of Kamchatka, Sikhote Alin, the Sakhalin and Korean 331 peninsulas, the Japanese Islands, and the Kurile island arc, was geomorphologically highly 332 diverse long before the initial disconnection of Japan [39, 40] . Therefore, during the Late 333
Cenozoic, occurrence of suitable habitats for temperate Carabus has to be assumed particularly 334
along slopes of the many, more or less separated mountain arcs and volcanos of the area. 335
Consequently, it is highly probable that separation of the lineages was linked to the particular 336 geomorphology of the area and therewith, has predated the splitting events of the Japanese 337
Islands from continental Asia markedly. We therefore conclude that with respect to the 338 biogeographical history of ground beetles and other soil arthropods these geological events are 339 not suitable calibration events. 340
Gibraltar Strait vs. Atlas uplift 341
The genus Carabus is an extratropical group of beetles with its representatives adapted to the 342 warm (meridional) to cold temperate or subarctic climates. The species are mesophilic or 343
hygrophilic and are absent in deserts. Temperature and humidity preferences of the beetles have 344
to be considered when using occurrences of land bridges in the past such as the closing of the Anti-Atlas that goes back to the end of the Carboniferous to be the likely starting point, also given 368 that none of the relevant species groups have been documented for the Anti-Atlas (though it 369 would of course have been possible that they occurred there before or simply have not been 370 detected yet). We therefore use a lognormal distribution that puts a much greater likelihood on 371 the younger dates of the liftup of the Atlas system as compared to the older Anti-Atlas. Finally, 372
the lognormal distribution is offset to the starting point of the Atlas uplift since arrival of the 373 respective ancestors and separate evolution of the North African lineages could not have started 374 before the Atlas system had reached into significant heights with suitable habitats. 375 376 incertus from the Lower Jurassic of Kyrgyzstan was also described within the Carabidae family 400 (#), but it is based on a very poor imprint of few parts of the exoskeleton which is why the 401 systematic assignment is rather doubtful. We chose a lognormal distribution (see Table 2 ). 402 that the subfamily was already present with rather derived lineages during that time. Therefore, 413
Split of Australia from Antarctica/South America
Fossil evidence for Harpalinae
we set the prior for the Harpalinae to 98 Ma (see Table 3 ), again with a maximum age of 158.5 414
following the same logic as described in 3.2.4. 415 416 
Calibration analyses of each marker and their combination 440
The analyses of time-calibrated phylogenies employing nodes A-C as indicated above generally 441 followed Andujar et al. [13] . In short, a time calibrated phylogenetic reconstruction of each 442
individual gene as well as the combinations of i) all mitochondrial genes, ii) all nuclear genes, 443
and iii) all mitochondrial and nuclear genes were based on a run of 100 million generations. 444
Subsequent steps followed the same protocol as in 3.3 (see above). Mean, standard error, 445
highest posterior density intervals (HPD 95%), and effective sample size of likelihood, 446 evolutionary rates and the TMRCA of Carabus were inspected using Tracer 1.7.1. Consensus 447 trees were obtained in TreeAnnotator 2.5.2 [44] using the median age option. In all instances an 448 uncorrelated lognormal (ULN) relaxed clock was employed. All mitochondrial data sets were 449
analysesd under a 2P codon partition scheme with site models and clock models unlinked. 
